To assess the effects of Fe(III) and anthropogenic ligands on the bioavailability of Ni, Cu, Zn, and Pb, concentrations of bioavailable metals were measured by the DGT (diffusive gradients in thin films) method in some urban rivers, and were compared with concentrations calculated by a chemical equilibrium model (WHAM 7.0). Assuming that dissolved Fe(III) (<0.45 μm membrane filtered) was in equilibrium with colloidal iron oxide, the WHAM 7.0 model estimated that bioavailable concentrations of Ni, Cu, and Zn were slightly higher than the corresponding values estimated assuming that dissolved Fe(III) was absent. In contrast, lower levels of free Pb were predicted by the WHAM 7.0 model when dissolved Fe(III) was included. Estimates showed that most of the dissolved Pb was present as colloidal iron-Pb complex. Ethylene-diamine-tetra-acetic acid (EDTA) concentrations at sampling sites were predicted from the relationship between EDTA and the calculated bioavailable concentration of Zn. When both colloidal iron and predicted EDTA concentrations were included in the WHAM 7.0 calculations, dissolved metals showed a strong tendency to form EDTA complexes, in the order Ni > Cu > Zn > Pb. With the inclusion of EDTA, bioavailable concentrations of Ni, Cu, and Zn predicted by WHAM 7.0 were different from those predicted considering only humic substances and colloidal iron.
INTRODUCTION
The bioavailable fraction of metals is likely to include free ions, inorganic complexes, and easily dissociable organic complexes (Allen & Hansen ) . One approach to assess metal speciation is the 'diffusive gradients in thin films' (DGT) method. This method is based on a hydrogel layer impregnated with chelex resin on a hydrogel diffusion layer and a membrane filter. Labile metal species, including free metal ions, inorganic complexes, and weak organic metal complexes, are accumulated within the DGT device (Davison & Zhang ; Zhang & Davison ) . The DGT method has been widely used to assess metal speciation in fresh water (Zhang ; Unsworth et al. ) and rivers affected by mine or municipal wastewater (Nagai et al. ) . Moreover, to a certain extent, the DGT method can help predict the bioavailability of metals that easily accumulate in organisms (Martin & Goldblatt ) , but to provide detailed predictions, some assumptions regarding metal speciation are still needed.
Metal speciation is influenced by many chemical parameters. Humic substances (HS) are natural ligands that play an important role in the binding of metals in natural waters. The WHAM 6.0 (Windermere Humic Aqueous Model version 6.0) uses a structured formulation of discrete, chemically plausible binding sites for protons, in order to allow the creation of regular arrays of bidentate and tridentate binding sites for metals (Tipping  Understanding the distribution of metal speciation and identifying the metal complexes (important ligands) in natural waters is difficult owing to the many chemical parameters in natural waters. We have attempted to investigate bioavailable metals in Japanese rivers by combining a chemical equilibrium model (WHAM 7.0) calculation and the DGT method. With this approach, we successfully examined the robustness and utility of DGT and model calculations in predicting bioavailable metal speciation in Japanese rivers (Han et al. ) . However, some missing parameters (e.g. EDTA concentration) are still needed to correctly understand the detailed speciation of metals. This study was conducted to determine accurate metal speciation in urban rivers, and to discuss the effect of chemical parameters (Fe(III) and chelating agents) on the distribution of metal species.
MATERIALS AND METHODS

Sampling rivers
Water sampling was conducted during December 2011. The Tsurumi River is a typical urban river with extensive human activities in its basin. The effluents from local wastewater treatment plants (WWTPs) account for about 70% of the stream water flow (Ministry of Land, Infrastructure, Transport and Tourism ). In this study, the locations of sampling sites in the Tsurumi River and its tributary, the Onda River in Yokohama City, were the same as those set out in our previous study (Supporting Information Figure S1 , available with the online version of this paper) (Han et al. ) .
Reagents
Milli-Q water was used to prepare all chemical solutions. Nitric acid (HNO 3 , ultrapure-100, Kanto Chemical Co., Inc., Japan) and hydrochloric acid (HCl, for heavy metal analysis, Kanto Chemical Co., Inc., Japan) were used in sample treatments. A series of working solutions was prepared by diluting a multi-element stock solution for quantitative measurements by inductively coupled plasmamass spectrometry (ICP-MS) (Wako Cat. No. 138-13781, Japan) . In the online analysis of samples, an internal standard for ICP-MS analysis (SPEX Cat. No. XSTC-538, USA) was added to every sample to provide a corrected ICP-MS determination.
Sampling and determination of total, dissolved, and labile metal concentrations River water was collected for metal analysis in acid-washed fluorine-resin bottles, and part of the raw water was filtered in situ using 0.45-μm syringe filters (ADVANTEC). Then, samples for total and dissolved measurements were acidified using HNO 3 (ultrapure-100, Kanto Chemical Co., Inc., Japan) in situ (the volume fraction was 5%). These acidified samples were transported to the laboratory within 24 h. In the laboratory, filtered and unfiltered river samples were acid digested according to the procedure set out in our previous study (Han et al. ) : A 100-mL acidified-filtered or a 100-mL acidified-unfiltered sample was mixed with ultrapure HNO 3 (2 mL) and concentrated HCl (5 mL) in a fluorine resin beaker, and the sample was then heated on a hot plate at a temperature of 250 W C until the volume of the sample was reduced to about 20 mL. Next, the sample was adjusted with Mili-Q water to a final volume of 100 mL. Finally, total and dissolved concentrations of metals were determined using ICP-MS (Agilent 7700x).
DGT devices with open-pore diffusive gels were purchased from DGT Research Ltd (www.dgtresearch.com) and installed in the sampled river water in the laboratory. This was to avoid the effect of fluctuating river water quality, and to make the comparison of DGT results with other measurements possible. The detailed processes for the measurement of labile concentrations were the same as those used in previous studies (Martin & /s for Pb. We did not simulate the sampling procedure in the field to provide blanks. Instead, we performed blank experiments with Mili-Q water in the laboratory, simulating the procedures of acid digestion and measurement of labile concentration. The concentrations of metals in blank experiments were negligible compared with those in the sampled river water (<5%).
Other parameters (including pH, conductivity, and temperature) were measured in situ by a Multi-Parameter Water Quality Meter (Horiba U-51, Japan). Dissolved species (Na
2-, and PO 4 3-) were analyzed by an ion analyzer (DKK-TOA, IA-300, Japan), and the dissolved organic carbon (DOC) content was analyzed by a total organic carbon analyzer (TOC-VCSH, Shimadzu Co., Japan) in the laboratory. In this study, carbonate concentrations were not analyzed, but were estimated by WHAM 7.0 assuming that carbonate was in equilibrium with atmospheric CO 2 (the partial pressure of CO 2 was assumed to be 3.50 × 10 À4 atm) and a default equilibrium constant for carbonate of 18.149 (Tipping et al. ).
Calculation of maximum dynamic concentrations by an equilibrium speciation model
In this study, metal speciation was calculated by WHAM 7.0
2-, and PO 4 3-), and dissolved metals (Ni, Cu, Zn, Pb, Fe, and Al) (Table S1 , available with the online version of this paper) provided inputs for WHAM 7.0. The binding constants between metals and inorganic anions (OH À , Cl À , SO 4 À , HCO 3 À , and CO 3 2-) were taken from the WHAM 7.0 default database (Tipping ) . HS concentrations were assumed to be 1.2 times the DOC concentration at every site (Imai et al. ) and to be comprised of a mixture of 90% fulvic acid and 10% humic acid. The HS binding constants were taken from the WHAM 7.0 default database (Tipping et al. ) .
The effect of dissolved Fe(III) species on the distribution of trace metals in natural water was explored using WHAM 7.0 (Lofts & Tipping ) . Dissolved aluminum was assumed to be in equilibrium with aluminum hydroxide (the solubility constant of aluminum(III) hydroxide at 25 W C is log K SO ¼ 8.5) (Tipping et al. ) , and to compete with metals for binding by HS. WHAM 7.0 was then run as follows. First, the model prediction for metal speciation was obtained with dissolved aluminum only. Second, dissolved Fe(III) (<0.45 μm filtered) was assumed to be controlled by equilibrium with colloidal iron oxide and the solubility constant of iron(III) hydroxide. Log K SO was calculated according to the method used in a previous study (Liu & Millero ) (Table S1 ). Colloidal iron oxide was assumed to form and adsorb trace metals: one mole of precipitated iron(III) hydroxide forms 90 g of iron oxide (Dzombak & Morel ) . WHAM 7.0 was run to predict metal speciation with dissolved aluminum and colloidal iron oxide. Finally, a model calculation was conducted using WHAM 7.0 considering the presence of EDTA (0-0.1 mg/L for the Onda river and 0-0.065 mg/L for the Tsurumi River; Ministry of the Environment of Japan ) with dissolved aluminum and colloidal iron oxide. The equilibrium constants between EDTA and metals were taken from the ECOSAT database (Keizer & Van Riemsdijk ) and are shown in Table S2 (available with the online version of this paper). In this study, the dynamic concentrations were calculated using the processes reported in previous studies (Balistrieri & Blank ; Han et al. ) . All labile species were assumed to be in equilibrium in aquatic systems. When all inorganic metal species are assumed to be fully labile (Unsworth et al. ) , dynamic metal concentrations have the following maximum values, C max dyn :
Here, C free is the concentration of free ions, C inorg is the concentration of inorganic complexes (colloidal iron oxide was not considered labile and was not included in this fraction), C FA is the concentration of metal complexes with fulvic acids, and C HA is the concentration of metal complexes with humic acids. The values of C free , C inorg , C FA , and C HA were calculated by WHAM 7.0. D inorg is the diffusion coefficient of inorganic speciation. The diffusion coefficients of inorganic speciation were assumed to be the same as those of free metals at 20 W C, and the diffusion coefficients of organic complexes with fulvic acid and humic acid were assumed to be the same as those of fulvic and 
RESULTS AND DISCUSSION
Concentrations of total and dissolved metals in effluent-affected rivers
The average values of the total and dissolved concentrations of metals are summarized in Figure 1 and Table S1 . These were compared with water quality standards in the USA (US EPA ) and Japan (Ministry of the Environment of Japan ).
In the Onda and Tsurumi rivers, total Ni, Cu, Zn, and Pb concentrations were 1.24-3.67 μg/L, 4.39-7.56 μg/L, 23.1-34.5 μg/L, and 0.47-0.85 μg/L, respectively, and dissolved Ni, Cu, Zn, and Pb concentrations were 0.92-3.59 μg/L, 4.25-5.44 μg/L, 21.4-43.1 μg/L, and 0.05-0.41 μg/L, respectively. The sampling sites downstream from the WWTP (Tsu-2 and Tsu-3) showed higher total and dissolved concentrations of the four metals. Similar results were reported in a previous study (Nagai et al. ) . Effluents from WWTPs elevate concentrations of dissolved metals in the aquatic environment because the technologies used in WWTPs are suitable for treating organic pollutants and particulate matter, but are not focused on metal removal. The total Cu concentration at Tsu-3 (6.44 μg/L) exceeded the criterion for continuous concentration from the US Environmental Protection Agency (5.96 μg/L). At Tsu-2 and Tsu-3, total and dissolved Zn exceeded the Environmental Quality Standards (EQS) in Japan (30 μg/L). The total Fe concentration at Tsu-2 and the total Al concentration at Tsu-3 were the highest (Table S1 ), probably because AlCl 3 and FeCl 3 were used during wastewaterand sludge-treatment processes in the WWTP.
Effect of dissolved Fe(III) on the calculated dynamic concentrations of metals
DGT-labile concentrations and dynamic concentrations were estimated with and without consideration of dissolved Fe(III) ( ) were calculated to be 0.88-3.42, 0.89-1.11, 17.5-35.2, and 0.01-0.10 μg/L, respectively. When colloidal Fe(III) was assumed to be present and to adsorb trace metals, the dynamic concentrations for Ni, Cu, and Zn were calculated to be 0.88-3.41, 0.89-1.15, and 17.9-35.6 μg/L, respectively. These values were higher than the results obtained without inclusion of colloidal iron in the WHAM 7.0 calculations (by 0.89-2.6% for Ni, 0-3.6% for Cu, and 1.2-6.6% for Zn). In the case of Pb, the dynamic concentration was much lower (100%) than the result obtained without inclusion of colloidal iron. W C is log K SO ¼ 8.5 (Tipping et al. 2002) . Maximum dynamic concentrations were calculated with and without considering the adsorption of metals to colloidal iron oxide (Dzombak et al. 1990 ). The solubility constant of iron(III) hydroxide at 25 W C was taken from the empirical equation proposed by Liu & Millero (1999) .
The dynamic concentrations of metals were affected by allowing their adsorption by colloidal iron. This could be explained by the metal speciation predicted by WHAM 7.0 when the adsorption of metals to colloidal Fe(III) was taken into account (Figure 3) . The fractions of free ions in dissolved Ni and Zn increased slightly (by 0-2.84% and 2.2-9.30%, respectively), and that of free Cu ions in dissolved Cu increased significantly (up to 2.48 times). In contrast, the fraction of free Pb 2þ in dissolved Pb decreased by 94.0-97.6% compared with the results obtained without considering dissolved Fe(III) (Figure 3 
Effect of EDTA on calculated dynamic concentrations
In this study, DGT-labile concentrations for metals were lower than the calculated dynamic concentrations at most sites (except for Pb) if colloidal iron and HS were included in the WHAM 7.0 model (Figure 2 ). Similarly, in previous studies, there were large differences between DGT-labile concentrations and calculated dynamic concentrations (Nagai et al. ; Han et al. ) . It is important to note that high levels of EDTA have been reported for the sampled rivers (100 μg/L for the Onda River and 65 μg/L for the Tsurumi River), while levels of other anthropogenic ligands, such as nitrilotriacetic acid (NTA), are reported to be very low (0.5 μg/L for the Onda River, and 2.2 μg/L for the Tsurumi River) (Ministry of the Environment of Japan (MOE) ). Therefore, the effects of EDTA should be taken into account to identify detailed metal speciation. (Dzombak & Morel 1990) . The solubility constant of iron(III) hydroxide at 25 W C was taken from the empirical equation proposed by Liu & Millero (1999) .
When both colloidal iron and EDTA, which can form metal complexes, were included in the WHAM 7.0 model, the maximum dynamic concentrations estimated by the model for Ni, Cu, Zn, and Pb at every site decreased when EDTA concentrations were in the range of 0 to 100 μg/L ( Figure S2 and Table S4 , available with the online version of this paper). If the maximum dynamic concentration (y in Table S4 ) is known, the EDTA concentration, x (Table S4) , can be derived from the linear formulas for the four metals. In this study, it was assumed that free metals, all the inorganic metal species, and HS-metal species in the waters were fully labile and were measured completely by DGT within the deployment time (24 h), while metal complexes with EDTA were not labile and were not measured by DGT (Vega & Weng ) . In this case, the DGT-labile concentration is the same as the calculated maximum dynamic concentration, and EDTA concentrations can then be derived by inverting the linear formulas for EDTA and the calculated maximum dynamic concentrations. There were large differences in the EDTA concentrations calculated using the different equations for the four metals (Table S4) .
The trend in the dissociation rate constants (k d ) of metal-HS complexes in the diffusive layer of the DGT was (Table S4 ). For the Onda River, the value of EDTA reported by the MOE (100 μg/L) was higher than the predicted value at O-1 because the area around the sampling site selected by the MOE was densely populated. For Tsu-1, our predicted EDTA concentration was higher than the reported EDTA concentration (65 μg/L) in the Tsurumi River. One possible reason was that Tsu-1 was located upstream of the sampling site selected by the MOE and received more effluents from upstream WWTPs.
When the estimated EDTA and colloidal iron were included in WHAM 7.0 (Figure 4) , EDTA-metal complexes were predicted to contribute large fractions of the dissolved concentrations for Ni, Cu, and Zn (93.6-97.8% for Ni, 22.4-46.7% for Cu, and 11.9-28.4% for Zn, respectively). In contrast, the EDTA-Pb complex was predicted to contribute a very low fraction (<5%). With the inclusion of EDTA in WHAM 7.0 calculations, free ion concentrations for Ni and Zn were much lower than the corresponding results obtained in the absence of EDTA (by 77.0-79.2% for Ni, and by 8.72-21.3% for Zn) (Figure 3(b) ). The concentrations of HS-Cu complexes decreased substantially compared with the calculations obtained without considering EDTA (by 18.3-39.8%).
The labile concentrations measured by DGT depend on metal speciation, assuming given thicknesses for the hydrogel, filter, and diffusive layer (Balistrieri et al. ) . In our study, owing to the presence of EDTA in the sampling rivers, free metal ions of Ni and Zn were replaced by EDTA-metal complexes, and HS-metal complexes were replaced by EDTA-metal complexes in the case of Cu (Figure 4) . EDTA had very high affinity with metals and Figure 4 | Fractions of free ions, inorganic metal species, humic-metal species, and EDTA-metal species calculated by WHAM 7.0. Concentrations of HS were assumed to be 1.2 times the DOC concentrations, and to consist of a mixture of 90% fulvic acid and 10% humic acid. By ignoring the formation of colloidal aluminum oxide, dissolved Al was assumed to be in equilibrium with aluminum(III) hydroxide. The solubility constant of aluminum hydroxide at 25 W C is log KSO ¼ 8.5 (Tipping et al. 2002) . Colloidal iron oxide and EDTA were assumed to be included in the WHAM 7.0 model and to adsorb metals. The iron(III)
hydroxide was assumed to precipitate, and one mole of precipitated iron(III)
hydroxide forms 90 g of iron oxide (Dzombak & Morel 1990) . The solubility constant of iron(III) hydroxide at 25 W C was taken from the empirical equation of Liu & Millero (1999) . The concentration of EDTA was predicted according to the linear relationship between EDTA concentrations and maximum dynamic concentrations of Zn (Table S3 , available with the online version of this paper).
EDTA-metal complexes were not measured by DGT (Vega & Weng ) . Thus, measured labile concentrations of Ni, Cu, and Zn were lower than calculated values when only colloidal iron and HS were considered in the WHAM 7.0 model calculations.
CONCLUSIONS
Using DGT and WHAM 7.0 calculations, we assessed the effects of dissolved Fe(III) and anthropogenic ligands on metal speciation and metal bioavailability in urban rivers impacted by WWTPs. The effluents from WWTPs lead to the accumulation of trace metals and anthropogenic ligands (EDTA). This is because FeCl 3 is likely to be used in WWTPs for wastewater and sludge treatment, while EDTA has a variety of domestic sources (e.g. personal care products). When the adsorption of trace metals on colloidal iron was considered in WHAM 7.0, the dynamic concentrations of Ni, Cu, and Zn showed a small increase in comparison with the concentrations calculated without considering colloidal iron. In contrast, the dynamic concentrations of Pb were substantially decreased compared with the results obtained in the absence of adsorption on colloidal iron, because most of the dissolved Pb was present as colloidal Pb complex. In addition to HS-metal complexes, EDTA-metal complexes were likely to be present in the sampled rivers. When estimated levels of EDTA were considered in WHAM 7.0 calculations, the concentrations of free ions of Ni and Zn were much lower than the corresponding results without considering EDTA, and HS-metal complexes of Cu were replaced by EDTA-metal complexes.
